This paper was written from the standpoint that computer-aided sperm analysis (CASA) instruments, which capture a 'snapshot' of sperm trajectories in order to generate their data, may provide a poor measure of hyperactivated motility in a sperm population where hyperactivation is multiphasic in nature. To illustrate this point, a series of theoretical sperm populations were constructed which varied subtly but significantly in the nature of the hyperactivated behaviour expressed by spermatozoa. The parameters which were manipulated were: (i) the number of hyperactivated phases exhibited within a given period of time; (ii) the duration of these phases; and (iii) proportion of spermatozoa within the population which exhibited hyperactivated phases. These populations were then subject to an analysis in which snapshots of sperm motion were examined to determine the percentage of hyperactivated spermatozoa for that population. The results indicated that whilst this snapshot approach to quantifying hyperactivation could provide a figure for the percentage of hyperactivated spermatozoa within the sample window, this often inaccurately described the underlying behaviour of the population. Since there is very likely to be a significant amount of biological information contained within the nature of multiphasic behaviour, this paper has argued that this aspect of snapshot analysis is one which requires serious consideration by CASA manufacturers and medical researchers.
Introduction
Hyperactivation was first described by Yanagimachi (1969) , occurring in the spermatozoa of the golden hamster which had been incubated in vitro with follicular fluid. He described such spermatozoa as having a vigorous whiplike beating of the flagellum which led to periods of nonprogressive (dancing) movements which were interspersed with episodes of linear (dashing) movements. Subsequently, hyperactivated behaviour has been described in the spermatozoa from a number of other mammalian species, including the human (Yanagimachi, 1994) , and in many instances is remarkably similar to Yanagimachi's original descriptions.
In the rabbit (Cooper et al., 1979; Johnson et al., 1981) and in some rodent species (Katz and Yanagimachi, 1980) for example, where spermatozoa have been recovered from the female reproductive tract or observed in situ, it has been documented how hyperactivation is biphasic with spermatozoa passing in and out of progressive periods. This type of behaviour has also been described in the spermatozoa of cattle (Katz et al., 1989) and humans (Burkman, 1984a,b; Mortimer et al., 1984; Mortimer and Swan, 1995) .
Since the original descriptions of hyperactivation in human spermatozoa, there has been considerable interest in the potential for using a measure of this behaviour in a clinical setting: either to assess sperm function or as a predictor of fertility (reviewed by Burkman, 1990) . Increasingly, this has involved the use of computer-aided sperm analysis (CASA) machines to provide an objective measure of hyperactivated behaviour (Robertson et al., 1988; Grunert et al., 1990; Mortimer and Mortimer, 1990; Burkman 1991; Zhu et al., 1994; Sukcharoen et al., 1995) . Using such technology, studies have linked the incidence of hyperactivated behaviour to success at donor insemination (Johnston et al., 1994) , in-vitro fertilization (Karande et al., 1990; Wang et al., 1993; Sukcharoen et al., 1995) and sub-zonal insemination (Green et al., 1995) .
By far the majority of CASA machines which are currently used in andrology laboratories around the world to measure hyperactivated motion in sperm populations are very similar in their mode of operation and the basic principles they utilize to identify hyperactivated spermatozoa. The technology has recently been reviewed by Mortimer (1994) . In brief, it is common for these machines to observe only short segments of sperm trajectories and then use a series of algorithms to decide whether a given trajectory meets pre-determined criteria, usually selected by the user (reviewed by Irvine, 1995) . In this way, a large number of trajectories are considered and can be classified as hyperactivated or not and these data can be used to calculate a single figure for the percentage of hyperactivated spermatozoa within the sample. However, this measure would seem to describe the proportion of spermatozoa which are exhibiting hyperactivated behaviour (in whatever way this is defined) within the short window of time in which the analysis took place. It takes no account of the fact that during another analysis window some of these spermatozoa may no longer be hyperactivated and indeed other spermatozoa may be exhibiting hyperactivated behaviour whereas previously they were not.
In her review of human sperm hyperactivation, Burkman (1990) gave considerable discussion to the 'on/off' behaviour of hyperactivated spermatozoa suggesting that such 'unpredictable changes immediately complicate the accurate scoring of hyperactivated (HA) versus non-HA spermatozoa'. She went on to suggest that about 'half the HA spermatozoa were missed' when only short trajectories were observed. In addition, she argued, that 'eventual standardization of a computer assisted protocol for HA evaluations must deal with these facts'.
In spite of these obvious problems, it would seem that clinical science has been happy, through the extensive use of snapshot-based CASA instruments, to adopt a rather rudimentary measure of this complex pattern of behaviour on which to make its diagnosis and predictions. Therefore the aim of this paper was to illustrate exactly how poor our present measure of hyperactivated motion might be in situations where spermatozoa display a significant biphasic component. In order to do this, a series of theoretical sperm populations which differ subtly, but significantly, in the nature of their biphasic behaviour have been constructed. These populations have then been subject to an analysis which approximates that which is being employed by CASA technology, which observes sperm trajectories for only short segments of time (i.e. snapshot analysis). It is hoped that the results will illustrate both to medical researchers and CASA manufacturers the potential shortfall of current technology as well as illustrate the benefits of taking notice of these issues when developing the next generation of CASA hardware and software.
Materials and methods

Sperm populations
For this analysis a number of theoretical sperm populations were constructed according to simple assumptions which are outlined below. These assumptions were based upon whether, at any one moment, spermatozoa were displaying non-HA or HA motility. In these populations, no regard was placed upon specific kinematic variables and it was assumed that both the switch between the behaviour patterns was instantaneous and that the motility patterns were not controversial and could be clearly identified as being HA or non-HA.
Sperm populations were illustrated on sheets of graph paper with each sperm trajectory being represented by a straight line across the page. In each population there were 50 spermatozoa and for each trajectory 29 s of postulated behaviour was constructed. Trajectories of 29 s duration were chosen simply as a function of the dimensions of A4 graph paper: 1 second of sperm motion could be represented by 1 cm across the page. Each trajectory was then drawn as a horizontal histogram with a shaded area to denote HA periods. Factors such as: (i) the duration of the phase; (ii) the number of phases and their periodicity, and (iii) the proportion of spermatozoa within the population which displayed a hyperactivated phase were determined according to the assumptions outlined for each case (see below). Where aspects of behaviour were to be assigned randomly, random numbers were generated by the appropriate function of a pocket scientific calculator (Sharp Scientific Calculator EL-509D, Sharp Corporation, Tokyo, Japan). Figure 1 illustrates one of the sperm populations constructed in this manner.
In all, 24 different sperm populations (comprising a total of 1200 trajectories) were constructed according to the following scenarios.
Populations of a fixed phase length
Seven theoretical sperm populations (A-G) were generated on the assumption that all spermatozoa Figure 1 . An illustration of how the theorectical sperm populations were represented prior to analysis. Each sperm trajectory is illustrated as a single bar running across the page; a total of 24 of the 50 trajectories from the population are illustrated. Each population was constructed according to simple assumptions with respect to the number and duration of hyperactivated (HA) phases undertaken by each spermatozoon. In this instance (population B), it was assumed that each cell would undergo a single phase of HA motility of 2 s duration. The onset of each HA phase was randomly assigned for each spermatozoon and the HA period is shown by a shaded area within the horizontal bar. Once the population had been constructed, a snapshot analysis was performed by counting the proportion of HA trajectories during three randomly selected time periods of 0.5 s duration. As such, a total of 150 trajectory segments were examined to provide a single figure for percentage HA. displayed a single episode of HA behaviour that was identical in duration to other spermatozoa in the same population but occurred at a random point along the trajectory. In population A the phase duration was 1 s, in population B it was 2 s (Figure 1 ), in population C it was 3 s and so on up to a maximum of 6 s in duration. In a seventh population (G) the phase duration of each spermatozoon was considered independently and that it could be of any duration between 1 and 6 s, allocated at random.
Populations of multiple phases
For this analysis it was assumed that each spermatozoon within the population would undergo multiple phases of HA behaviour within the 29 s window. In populations H-K it was assumed that a single phase would occur, in populations L-O it was assumed that each spermatozoon would display two phases and populations P-S and T-W would display three and four phases respectively. For each of these groups, subpopulations were constructed in which the phase duration was 2, 3 and 4 s. For each of these phases, it was again assumed that the HA phase occurred at a random point along the trajectory. As a result of this, it was clear that the interphase duration was variable but would decrease as the duration and/or the number of phases increased. As with the situation above, a further population (X) was constructed where, for each trajectory, both the number of phases, and the duration of each, was considered as an independent event and was assigned randomly.
Heterogeneity of sperm populations
In the previous two situations outlined above, it was assumed that all spermatozoa within the population would behave in the manner described whereas in reality the heterogeneity of human sperm populations has been described many times. In order to model this, the two types of populations outlined above were reconsidered and manipulated so as to vary the proportion of spermatozoa within the population, that behaved in the manner described, between 100 and 0%.
Snapshot analysis
In each of the cases outlined above, the theoretical populations were then subject to a 'snapshot' analysis with the aim of approximating how a CASA system might observe the trajectories and then describe the levels of HA motility.
The snapshot analysis was performed by first selecting at random three time-points at which to sample the population for a short period. This was to simulate a typical CASA analysis when the operator presses the button and acquires a number of frames of sperm motion upon which the machine's algorithms will determine whether any given trajectory is hyperactivated or not. Three timepoints were chosen in order to approximate the typical laboratory situation where the CASA operator repeats the above analysis for different areas of the slide within the same population in order to determine an average reading. In reality it is unlikely that with 'real' situations the same spermatozoon will be sampled twice, whereas in this theoretical situation the same spermatozoa are being sampled at three points along their trajectory. However, considering that in most of the situations outlined above all spermatozoa within the population are behaving in an identical manner, this was considered acceptable.
At each analysis point, a duration of 0.5 s for each sperm trajectory was considered. This duration was chosen because it represented the minimum time required for the model to determine that a trajectory portion was HA for the whole snapshot period. In order to do this it was assumed that the switch from non-HA to HA motility (or vice versa) was instantaneous and that the motility patterns were not controversial and that HA spermatozoa could be clearly identified. This was necessary because the populations were constructed with no reference to kinematic variables. Following the analysis of each population as described above, the three values for HA motion were used to provide a mean value for that population and these were plotted graphically in Figures 2-5.
Results
In populations A-F, the duration of the HA phase within each trajectory increased in 1 s units and within each population all trajectories displayed one HA phase. As might be predicted, as the duration of the phase increased then the measure of percentage HA motility (as determined by snapshot analysis) also increased as more of the HA phases were observed within the sample window ( Figure  2 ). This relationship was almost linear, which probably occurred as a function of the regular 1 s increase in the duration of HA phase which underpinned the construction of these populations. It is important to note, however, that the measure of percentage HA motility, as determined by this method, poorly describes the actual behaviour of the population as a whole since at its maximum only 23% of trajectories were recorded as HA (population F with a phase duration of 6 s) whereas the populations were constructed with all trajectories displaying one HA phase. This demonstrated why CASA instruments, which obtain their data by taking a 'snapshot' of sperm motion, could significantly under-represent HA sperm motion when it is biphasic.
Populations H-W were designed to investigate a different parameter of biphasic motion, that of the periodicity of HA phases. Figure 3 illustrates the results obtained when four biphasic populations, in which the number of HA phases within the 29 s trajectory was increased from one to four. Also shown is the effect of progressively increasing the duration of phases in 1 s increments between 1 and 4 s. It can be seen how the measure of HA motion increased both as a function of increasing numbers of phases and their duration. However, as with the previous example in Figure 2 , at its maximum measure of HA motility (four phases per trajectory, each of Figure 2 . The influence of phase duration upon the apparent measure of hyperactivated (HA) motility in a theoretical sperm population as determined by a snapshot analysis. In each case, all spermatozoa in the population exhibited a single HA phase at a random point along the trajectory, but the duration of these phases varied from 1-6 s (x axis). Thus the value for percentage HA (y axis) increased as a function of phase duration, but itself was a poor indicator of the behaviour of the population. Data shown in each case are the means from three snapshot analyses ± SEM. 4 s in duration) the single value of 51% is a poor indicator of the actual behaviour of the population as a whole.
In both of the scenarios outlined in Figures 2 and 3 , in addition to generating populations which were quite regular in their behaviour, a population was also generated in which events such as the duration of phase and/or its periodicity were allocated as random variables. In the first series of trajectories illustrated by Figure 2 , this random population [in which all trajectories showed one HA phase of duration 3.52 ± 0.25 s (mean ± SEM)-population G] gave a value for percentage HA motility of 15%. This could have been extrapolated from Figure 2 for a population with mean phase duration of that length: i.e. intermediate between populations C and D recorded previously with trajectories of 3 and 4 s duration respectively. However, as with the other populations described in Figure 2 , and as outlined above, the measure of percentage HA described in this was a poor indicator of the actual behaviour of the population.
A similar analysis was performed for the populations constructed and outlined in Figure 3 . Although in this case, the randomly generated scenario took account of two variables: the number of phases per trajectory and the duration of each (population X). This population consisted of 15 four-phase trajectories (mean duration 2.23 ± 0.14 s); 14 three-phase trajectories (mean duration 2.52 ± 0.16 s); 15 two-phase trajectories (mean duration 2.83 ± 0.18 s); and six one-phase trajectories (mean duration 2.50 ± 0.43 s). In this instance, the value obtained for percentage HA motility when this population was analysed was 22%, which was consistent with what might be predicted from Figure 3 for a population in which all spermatozoa exhibit either: (i) one phase >4 s; (ii) two phases of HA behaviour 3-4 s in duration; (iii) three phases 2-3 s in duration; or (iv) four phases 1-2 s in duration. In essence, none of these scenarios accurately described the behaviour of the population in question, indicating once more the problems with this kind of analysis.
So far in this paper, it has been considered that all spermatozoa within a population have been displaying at least one HA phase (irrespective of whether this phase was visible within the analysis window). In reality, however, it is not at all clear whether all spermatozoa within a population would ever go on to display HA behaviour, be it biphasic or not. In order to investigate how variations in the proportion of the population which display HA phases may lead to problems with this kind of 'snapshot' analysis, a further series of scenarios was developed using some of the populations (A-X) already constructed. Four populations were used, two of these were selected at random: one from populations A-F and one from populations H-W. The two other populations used were those already constructed randomly: populations G and X.
For each of the populations selected, a total of 50 snapshot analyses was performed with each assuming that an increasing proportion of the population would exhibit an HA phase at some point along the trajectory according to the population characteristics. The results of this analysis are shown in Figure 4 . For each of the four populations, the same general trend was observed with percentage HA (as determined by snapshot analysis) increasing as the proportion of the population which exhibits an HA phase (irrespective of where along the trajectory this occurs) also increased. Presumably, this was because more trajectories containing an HA phase increased the chance that the phase would be observed within the sampling window. In some instances the slope of the relationship appeared 'stepped' (e.g. population X between 45 and 80 trajectories) and this was because although there was a gradual increase in the proportion of trajectories displaying multiphasic behaviour, this did not always occur within the sample window. For each population, however, the maximum observed value for percentage HA differed between the four populations as a function of the underlying assumptions upon which the trajectories were constructed. Additionally, as in the previous figures, the percentage HA calculated by this method gives a poor insight into the behaviour of the population as a whole. This was irrespective of whether the score was determined when all the populations were uniform in their behaviour (100%) or whether biphasic motion was being exhibited by a subpopulation (0-99%).
Using the same four populations (B, G, R and X) a final analysis was performed in order to investigate how the number of sampling periods (and therefore trajectories observed) might affect the value for percentage HA as derived by this method when motion is biphasic. This was considered as potentially important since it has been reported that increasing the number of trajectories analysed in a population can improve the reliability of some CASA measures, such as estimates of concentration, percentage motility and the various kinematic parameters (Davis and Katz, 1993; Mortimer, 1994) . Such studies, however, have not considered how this might affect the measure of sperm hyperactivation when this is biphasic. The results show, perhaps surprisingly, that the score for percentage HA in these populations was largely unaffected by the number of trajectories analysed ( Figure 5 ) inasmuch as when twice as many trajectories were examined, a doubling in the percentage HA was not observed. This essentially confirmed that this method for measuring HA motion determines only the average number of HA trajectories per unit of analysis time (in this case 0.5 s), rather than illustrating other parameters essential for understanding biphasic motion, such as what proportion of spermatozoa The populations are: (B) spermatozoa exhibiting a single phase of HA motility 2 s in duration; (G) spermatozoa exhibiting one phase of HA motility of random duration (1-4 s); (R) spermatozoa exhibiting three phases of HA motility of 3 s in duration; and (X) spermatozoa exhibiting a random number of phases (between one and four) of HA motility of random duration (in whole s between 1 and 4). These populations were examined a total of 50 times, in each case increasing the proportion of the population displaying multiphasic behaviour as assumed according to the definitions above. The snapshot analysis performed was identical to that used in Figures 2 and 3. ever displayed an HA phase, its duration and the number of HA phases a trajectory might exhibit.
Discussion
The analysis presented here has been carried out in an attempt to illustrate the notion that current CASA machines which take 'snapshots' of sperm motion may generate a poor measure of HA motility, if hyperactivation is composed of a significant biphasic (or multiphasic) component, with spermatozoa passing in and out of HA phases or from one HA phase to another.
In order to make these observations, theoretical trajectories of 29 s in duration were constructed and were subject to snapshot analysis. Before discussing the implications of these data, it is necessary to emphasize that, in order to obtain the result described in this paper, we postulated that individual trajectories were followed for long periods and not that a particular field of view was observed for that period. Clearly, the latter situation would give rise to a very different and erroneous type of analysis since, if spermatozoa exhibiting starspin behaviour were outside the field of view, they would be unlikely to enter it, whereas the most rapidly moving cells (either HA or non-HA) would be more likely to enter. A second major point to note is that the data upon which this analysis has been based are entirely theoretical, and therefore it is important to establish exactly how close to the truth the theory lies before we can gauge how significant a problem this lapse in current CASA technology really is. This point will be considered further below.
First, that human spermatozoa display biphasic HA behaviour does not seem to be in any doubt. There have been a number of studies over the last few years which have mentioned how human sperm motion was often multiphasic. These include Okada et al. (1985) , Ginsburg et al. (1989) , Burkman (1991) , Le Lannou et al. (1992) , Green et al. (1995) and Mortimer and Swan (1995) . In the majority of these reports, the subject receives only a passing comment, although a more detailed study was carried out by Mortimer and Swan (1995) . In that study, the authors considered the behaviour of 28 multiphasic sperm trajectories that had been reconstructed manually and clearly demonstrated that HA motility patterns are a reversible state in human spermatozoa, with spermatozoa being able to switch from non-HA to transitional or star-spin HA, apparently at random. However, it is interesting that these authors had to resort to manual track reconstruction in order to obtain their data: CASA machines cannot currently provide such information at the required resolution.
A second major consideration for the data presented in this paper is whether the duration of phases and frequency of phase switching that were used to construct the theoretical populations are within the physiological ranges that might be expected for a population of capacitated human spermatozoa. With regard to the duration of phases, there are three sources of support for the time intervals chosen. First, in her review, Burkman (1990) provides details of biphasic motion in a single spermatozoon which spent a period of 2 s in a 'thrashing' type of motion in an otherwise non-HA trajectory. Second, in the more detailed analysis by Mortimer and Swan (1995) it was reported how the median time period for an HA phase was 2 s, with a range of 0.5-6.5 s. Finally, unpublished work of our own has shown that HA phases may last from 1-13 s. Taken together, these data are entirely consistent with our initial assumptions about the duration of HA phases and, therefore, the data we have presented would seem to have some relevance to 'real' sperm populations. A more awkward question to answer, however, is whether the duration of the 'off' periods we have used, and also the frequency of phase switching, are within the physiological Figure 5 . The effect of increasing the number of trajectories examined using the snapshot analysis upon the four populations selected for analysis in Figure 4 . The number of trajectories examined was varied between 50 and 500 and in each of the populations it was assumed that all spermatozoa were displaying multiphasic behaviour as described in Figure 4. range. Unfortunately, there are no appropriate data upon which to base these estimates. In their study of manually reconstructed trajectories, Mortimer and Swan (1995) indicated that they made no attempt to determine the relative length of non-HA sequences, since too few were completed within the field of view. From our own experiences, we have also rarely observed a full segment of non-HA motion between two HA phases. This is probably because it would seem to be longer than the average time taken for spermatozoa to remain within the field of view, which at our operating magnification (× 860) is ~4-6 s. That the 'off' periods may be >6 s would, however, seem consistent with the assumptions made when constructing the theoretical populations. Although when we had postulated that four phases of HA motility may take place in 29 s, and that each of these was 4 s in duration, it is probable that the 'off' or non-HA periods are shorter than what might ever be physiologically achieved by spermatozoa. However, having said that, we would argue that it is the range of scenarios we have presented, and how they might be perceived by snapshot analysis which is important, not the absolute values because these need to be determined by performing appropriate experiments with spermatozoa.
Given that the data we have presented do have some relevance to the behaviour of 'real' sperm populations, it is now appropriate to consider what implications these observations have for our understanding of sperm hyperactivation. Perhaps the most significant area for consideration is that which relates to HA motility being manipulated by the addition of biological factors such as follicular fluid Kulin et al., 1994) or pharmacological agents such as pentoxifylline (Kay et al., 1993; Pang et al., 1993) . In such work it is often stated that HA motility has increased or decreased after the addition of these substances to capacitated spermatozoa. However, given what has been stated above concerning the measurements of biphasic motion by snapshot analysis, it is not at all clear how this modulation has been achieved. The data presented here clearly show that a reported change in HA motility when measured by CASA (which employs snapshot analysis), could in fact be a result of changes in: (i) phase duration, and/or (ii) the frequency of phase switching, and/or (iii) the proportion of spermatozoa in the population displaying biphasic behaviour. It is entirely possible that two pharmacological agents may achieve the same modulation in HA behaviour (as measured by CASA) but may actually be affecting an entirely different aspect of biphasic motion. To investigate and document such subtle aspects of biphasic motion would seem essential to our understanding of the basic biochemical processes of HA motility and also in understanding how hyperactivation may serve to assist spermatozoa in their various functions. It is not being implied that these studies (or any other that have relied upon percentage HA data generated by CASA) are in any way incorrect, since they employed available technology in the correct manner. However, we would argue that significant improvements could be made in the quality of the data obtained by taking on board these basic principles in the design of future generations of CASA instrumentation.
Two examples of how this type of approach may be fruitful exist in the literature. The first was conducted by the principal author of this paper , investigating intermittent swimming in the spermatozoa of a marine invertebrate (Arenicola marina). In this species it was noted how flagellar beating was intermittent with periods of sinusoidal beating becoming interrupted by a quiescent phase in which the flagellar waves were initiated but the propagation along the axoneme appeared blocked. This resulted in the tendency of spermatozoa to shake and rotate about their own axis, such that when flagellar beating commenced, the spermatozoon often swam in a different direction from the one it was taking prior to the period of quiescence. In many ways this behaviour is very similar to the incidence of HA phases of human spermatozoa. It was only possible, however, to elucidate the role played by light energy and calcium ions by performing the type of analysis proposed above, in which the duration and periodicity of this behaviour was determined. An analysis based upon the behaviour of a 'snapshot' population of spermatozoa at any one moment would not have been as fruitful. The second example is the work which has investigated the motion of flagellated bacteria (see review by Armitage, 1992) . These bacteria appear to swim randomly in their environment, swimming smoothly in one direction for a period of time and then rapidly changing direction (by a number of mechanisms which are species specific) in response to a number of different stimuli (Sprenger et al., 1993; Zhulin and Armitage, 1993) . Important in the context of this paper is the nature of these stimuli, which has been elucidated by examining the component parts of this behaviour (e.g. rate and duration of switching). Thus, this approach is directly analogous to that which we would propose for the measurement of HA in human spermatozoa.
In conclusion then, we hope that we have illustrated a potential shortcoming of CASA instrumentation which employs snapshot technology to quantify HA motion. We would urge medical researchers and CASA manufacturers to consider these issues and to evaluate critically whether the situation might be improved by designing a new generation of machines which takes account of these issues. Perhaps this could be achieved in a similar manner to the recent consensus workshops which considered the use of CASA instrumentation in andrology laboratories ESHRE, 1996) . In whatever way this is achieved, we clearly require machinery that can describe HA motion in a multiparametric manner and provide details not only of how many spermatozoa are expressing HA motility at a given time, but also how many spermatozoa ever express HA motion, and the duration of the HA phases, as well as the duration of 'off' periods and the direction of phase switching. Armed with this information, medical researchers might then be able to make sense of hyperactivation as a clinical marker or understand more precisely the cell biology which underpins it.
